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Ordered arrays of magnetic nanotubes are prepared by combining a porous template ͑anodic alumina͒ with a self-limiting gas-solid chemical reaction ͑atomic layer deposition͒. The geometric parameters can thus be tuned accurately ͑tube length of 1 -50 m, diameter of 20-150 nm, and wall thickness of 1-40 nm͒, which enables one to systematically study how confinement and anisotropy effects affect the magnetic properties. In particular, the wall thickness of such ordered Fe 3 O 4 nanotubes has a nonmonotonic influence on their coercive field. Theoretical models reproduce the size effects that are experimentally observed and interpret them as originating from a crossover between two distinct modes of magnetization reversal. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3074109͔
Structures of submicron dimensions display size-and shape-dependent physical properties when they are small enough with respect to the characteristic correlation lengths of the physical phenomena considered. Magnetism makes no exception to this tenet, and fundamental research into very small magnetic systems is fuelled by their microelectronic and biomedical applications.
1 The physical insight delivered by a magnetic measurement is always contingent upon the quality of the sample-for ensemble measurements, primarily the homogeneity in the size and shape of the particles and their spatial distribution. Because the preparation of nanoparticles with sufficient control over geometry and organization is not trivial, extensive research efforts have focused on the simplest geometry, which is the sphere, defined by a single parameter-its diameter. 2 Wires, which require control of two parameters, diameter, and length, imply more involved preparative strategies, and accordingly, the investigation of their magnetic properties is more recent. 3 This paper presents a synthetic strategy for the large-scale creation of magnetic tubes ͑a structure with three degrees of freedom: diameter, length, and wall thickness͒ in hexagonally arranged arrays. We show that in such systems, the ability to systematically tune one geometric parameter while the others are maintained constant delivers unprecedented physical insight. Our preparative approach combines two aspects. The first is the utilization of ordered porous anodic aluminum oxide as template. 4 This material is obtained by the electrochemical oxidation of aluminum metal under high voltage in an acidic electrolytic solution, and it shows hexagonally arranged cylindrical pores, whose length and diameter are determined ͑approximately between 0.3 and 300 m, and between 20 and 200 nm͒ by the anodization time and voltage, respectively. The second ingredient of the preparation is a thin film deposition technique applicable to the conformal coating of pore structures with such high aspect ratiosatomic layer deposition ͑ALD͒. 5 In ALD, one exposes the substrate surface to two thermally stable molecular precursor gases in alternating fashion; the two precursors only react with each other as adsorbed species on the surface, which results in a monolayer-by-monolayer growth. Thus, the deposition rate does not depend on mass transport phenomena, and inhomogeneities in the partial pressures appearing in the porous structures are irrelevant. The deposited thickness depends on only one easily controlled experimental parameter-the number of cycles of alternated exposures to the precursors. To date, this outstanding level of control achievable by ALD has been applied only minimally toward the preparation of magnetic nanostructures. We found 6 that thin films of Fe 2 O 3 can be obtained in ALD mode from either the hydrolysis of iron tert-butoxide, ͑ t BuO͒ 6 Fe 2 , or the ozone combustion of ferrocene, Cp 2 Fe, with similar results; they are smooth and very homogeneously thick. When the reactions are applied to a porous alumina template, tubes are obtained with conformal wall thickness ͑Fig. 1͒ up to aspect ratios of approximately 100 ͑if the hydrolysis is used͒ and 1000 ͑with the combustion͒. The outstanding ability of the procedure to tune the geometry of the tubes appears clearly in the top panel of Fig. 1 will, their orientation in the applied magnetic field can also be determined easily.
The results of such a systematic study ͑with a series of samples in which length and outer diameter of the tubes are maintained constant while the wall thickness is varied͒ are shown in Fig. 2 . 8 In the limit of very thin tubes ͑100 ALD cycles, less than 3 nm of Fe 3 O 4 , and red curve͒, the system behaves as a soft ferromagnet with vanishing remanence and coercivity. The hystereses widen as the wall thickness d w is increased up to 13 nm ͑500 cycles, green͒, but after this optimum value, further thickening is accompanied by declining remanence and coercive field. What is more, the geometric dependence observed changes depending on the orientation of the sample with respect to the applied field. As displayed by Fig. 3 , when H Ќ z, the hysteresis is constant between d w =13 nm ͑light green͒ and d w =18 nm ͑deep purple͒, which contrasts the observations done with H ʈ z ͑shown for comparison in thin dashed lines͒. This type of behavior usually correlates with strong dipolar interactions between densely packed elongated magnetic objects. 9 Theoretical models furnish a rationale for the presence of an "optimal" wall thickness ͑which appears clearly when the orange data points in Fig. 4 are considered͒ and allow for a quantification of the dipolar interactions between neighboring tubes. 10 As a starting point, we consider the two inhomogeneous magnetization reversal modes that are possible in Fig. 2 . Orange points, experimental data; green and purple curves, values computed for isolated tubes reversing their magnetization in vortex ͑V͒ and transverse ͑T͒ modes, respectively; the reversal modes are schematically displayed on either sides of the graph; solid blue line, curve computed for ensemble of tubes in dipolar coupling with each other; the maximum of the curve virtually separates the graph in two regions ͑dashed blue line͒, dominated by either reversal mode. such systems, 11 which are the vortex ͑V͒ and transverse ͑T͒ modes, displayed schematically in Fig. 4 . In both modes, a domain boundary appears at one extremity of the tubes and propagates to the other in order to reverse the magnetization from one saturated state to the other, but the organization of the magnetic moments within the domain boundary differs; in V, they remain within the wall of the magnetic material, whereas in T, a net magnetization component appears in the ͑x , y͒ plane. One might expect that V should be more favorable for thin tubes ͑which can be approximated by rolled-up films͒, whereas T would dominate thicker tubes, in which the importance of surface effects is lower. This is confirmed by quantitative modeling. Approximating the coercive field generated by V with an adapted Stoner-Wolfarth model 12 in which the length of the coherent rotation is replaced by the length of the domain boundary yields the d w dependence described by the green curve of Fig. 4 , and using the equations of Chang et al. 13 for T produces the purple curve. 10 The two curves cross at d w Х 13 nm, as experimentally observed. Thus, the nonmonotonic dependence of the magnetic properties on geometry can be attributed to a crossover between two different reversal modes. However, the absolute values calculated for the coercive fields of isolated tubes are higher than those measured for the arrayed samples. This discrepancy can be accounted for if the dipolar coupling of each magnetic object to the stray field of the ensemble is considered. Building the effect of stray fields into the model delivers the blue curve of Fig. 4 , 10, 14 which compares well with the experimental data.
Thus, one can design tubes that will reverse their magnetization by either the vortex or the transverse mode simply by properly adjusting their geometric parameters outer diameter and wall thickness ͑for a given material͒. Alternatively, one can maximize their coercive field by choosing a geometry at which the crossover between V and T takes place. Such control and predictive power could prove useful for future applications. It also raises more fundamental questions concerning the manipulation of magnetic domain boundaries. For example, magnetic tubes exhibiting modulations in diameter could consist of segments reversing their magnetization via different modes and accordingly at different fields. Such phenomena would result in controlled pinning of domain boundaries. The general preparative method described here, which bases on ALD into a porous anodic alumina template, is applicable to the preparation of such structures in macroscopic arrays. 
